Post-concussion syndrome (PCS) is a complex disorder with various symptoms. There is limited evidence to support that any intervention enhances recovery after a concussion. This pilot study aimed to examine the efficacy of neck paraspinal muscles electrical stimulation (ES) in conjunction with physical therapy (PT) on reducing the severity of post concussive symptoms. Twenty-four individuals with PCS were randomly assigned to the ES group (PT + ES) or the control group (PT only). Both groups received the intervention twice a week for eight weeks. Clinical measures including the Concussion Signs/Symptoms Checklist, balance error scoring system, King-Devick test, ImPACT, and the Standardized Assessment of Concussion were used to evaluate the symptoms. We investigated the recovery rate by calculating slopes of changes over time for each participant. A changing slope was derived by linearly fitting the symptoms severity over time with the initial severity score as the intercept. Significant overall improvement was observed in both groups after the interventions. There was no significant difference seen in total symptom recovery rate between two groups (−1.49 ± 1.59 versus −1.2 ± 1.56, p = 0.32). The cognitive symptoms recovery rate of the ES group was faster than the control group (−0.5 ± 0.49 and −0.13 ± 0.46 respectively, p = 0.04). Physical therapy targeting the cervical region is beneficial for persons with PCS. Moreover, peripheral electrical stimulation on the paraspinal muscles surrounding the neck region could potentially advance the cognitive function recovery of persons with PCS.
Introduction
Concussion, a form of mild traumatic brain injury, affects more than 600 per 100,000 individuals each year [1] . About 1.6 to 3.8 million concussions occur in sports and recreational activities annually as estimated by the Centers for Disease Control [2] . The majority of symptoms resolve in 7 -10 days [3] (or within one month for most children and adolescents [4] ). If the concussion is not sport-related, most individuals recover completely within the first three months [5] [6] . However, approximately 10% of athletes have persistent concussion symptoms beyond two weeks and up to 33% of non-athletes may have symptoms beyond three months [7] . The prolonged symptoms may indicate post-concussion syndrome (PCS). Post-concussion syndrome (PCS) is a complex disorder in which concussion symptoms last for weeks, months and, in rare cases, years. The essentials of concussion management fall into four categories, education, baseline testing, injury assessment and injury management. Currently, the majority of articles in the literature focus on the diagnosis of mild traumatic brain injury; the evidence for treating persistent symptoms after concussion remains scarce [8] .
Many current recommendations are based on anecdotal evidence, consensus or limited literature. With respect to concussion treatment, a period of cognitive and physical rest in the early stage post-injury is recommended [9] [10] . When asymptomatic at rest, concussed individuals should progress to light physical activity [11] . Some literature and clinicians' experience show promising avenues for treating PCS [12] , but further studies are still required as the American Academy of Neurology stated that "data are insufficient to show that any intervention enhances recovery or diminishes long-term sequelae post concussion" [13] . Because of the diverse symptoms associated with PCS, a coordinated multidisciplinary team service is preferable to treat not only the brain but also other structures involved [14] in the PCS. Potential damages to various structures could occur following a concussive injury. Those structures include the peripheral and central vestibular systems, as well as the cervical spine. Those differences might require different treatments. Limited diagnostic tools and insufficient evidence of treating PCS make it difficult for clinicians to choose an effective approach. Consequently, there is significant variability in concussion care practices [15] . Research utilizing a pathophysiological approach [16] that takes the potential source of injury and predominant symptoms into account when treating PCS might provide consistent evidence for PCS care.
The importance of active rehabilitation for PCS has emerged [17] . It is suggested that if a cervical source is suspected to contribute to ongoing symptoms, physical therapy will play an important role and should be instituted to treat Alzheimer's disease and in ageing populations [26] . It was suggested that electrical stimulation could activate brain structures indirectly mediated by the ascending reticular activating system or through spinoseptal and spinohypothalamic pathways to the hippocampus and hypothalamus [26] or the vestibular pathways [28] to enhance cognitive functions. Owing to the effects of physical therapy and ES in treating the symptoms observed in other disorders, a PT regimen including ES may shed a light not only on alleviating the overall post concussive symptoms but also enhancing the cognitive functions in individuals with cervicogenic PCS. Therefore, the objective of this study was to examine the efficacy of ES on the neck paraspinal muscles in conjunction with PT on reducing the PCS symptoms compared to PT alone in individuals with cervicogenic PCS. We hypothesized that both groups would demonstrate positive outcomes but the cognitive functions of the ES group would recover in a faster manner.
Methods

Participants
A double-blind-cohorts study design was used in this study. Participants were blinded as to which group they comprised. The evaluator who was responsible for scoring clinical measures before and after the intervention remained blind throughout the study. Only the physical therapists trained to provide the experimental protocol were aware of which participants were receiving the experimental treatment or placebo. A convenience sample of 24 participants with PCS was recruited from the Emerson Hospital and randomly assigned to the ES group (PT + ES) or the control group (PT only). This was done by randomly picking the first assigned participant by a coin toss and the subsequent participants were assigned based on alternating one to the ES group and the next to the control group. Inclusion criteria included 1) with PCS diagnosis, 2) at minimum age of 13 years old, and 3) be able to follow instructions. All participants exhibited cervical spine involvement such as trigger points, limited neck range of Health motion and neck pain. Participants who were diagnosed with other neurological disorders or were receiving other treatments such as occupational therapies, speech therapies, cognitive therapies and research pharmacotherapy for concussion were excluded. In addition, participants with ES contraindications [29] including potential pregnancy, the presence of cardiac pacemaker or other implanted electrical stimulator, the presence of cancer and broken skin around the neck and upper back were excluded. Table 1 shows the composition of groups 
Interventions
Participants received the eight-week, 16 sessions, of assigned intervention (conventional PT with ES or conventional PT only) at the frequency of twice a week for eight weeks. Both groups received conventional PT based on each individual's signs, risk factors, and goals. The conventional PT including soft tissue mobilization [30] , cervical muscles stretching and strengthening were administered by physical therapists. The study regimen, electrical stimulation, was administered to the ES group followed by the conventional PT. We used MyoWorx ™ TM20
(MyoWorx Inc., Guelph, ON, Figure 1 ) to deliver electrical stimulation to the participant in a private room with dimmed lights while the participant remained in a supportive supine posture ( Figure 1 ). The machine delivered a sequence of frequencies in a timed manner to the paraspinal muscles. Figure 1 illustrates the electrodes placement. The ES was on for 30 minutes. The amplitude of stimulation was adjusted based on the patient's comfort level without any evidence of visible or tactile muscle twitching. The control group had the electrodes on but the machine did not deliver any electrical current to the body. To reduce placebo effect, we instructed participants in the control group that the stimulation was sub-maximal threshold and that they should not perceive any sensation.
Outcome Measures
Primary outcome measures: The primary outcome measure was the Dr. Cantu
Concussion Signs/Symptoms Checklist [31] [32], a published scale that is recommended to assist clinicians in tracking the number and severity of concussion-related symptoms. Dr. Cantu concussion Signs/Symptoms Checklist, Checklist hereafter, is a 7-point (0 -6) Likert-style self-report questionnaire rating 26 concussion-related symptoms in somatic, cognitive, affective and sleep Figure 1 . Left: The machine used in the study to deliver electrical stimulation. Middle and right: The electrodes were placed on the thoracic paraspinal muscles, another at bilateral upper traps, and the last at the cervical paraspinal muscles. After placing the electrodes, the participant lay supine in the dimmed room. The same setup was used for both groups but only the ES group had the power of machine on. Health domains. Beyond the total symptoms severity score of the Checklist, we examined the changes of symptoms severity by domains as previous research suggested [33] . The cognitive domain contains seven symptoms, which are "confusion", "difficulty concentrating", "difficulty remembering", "don't feel right/dinged/bell rung", "drowsy", "feeling in a fog" and "loss of consciousness".
The affective domain includes "feeling more emotional", "irritability", "nervous/anxious", and "sadness". The 12 signs in the somatic domain are "balance", "dizziness", "fatigue/low energy", "feeling slow down", "headache/head pressure", "nausea/vomiting", "neck pain", "numbness/tingling", "ringing in the ears", "sensitivity to light", "sensitivity to noise", and "visual problems/blurred vision". The sleep domain contains "sleeping less than usual", "sleeping more than usual" and "trouble falling asleep". In addition to the aforementioned four domains, we segregated items related to the vestibulo-ocular dysfunctions including "balance", "dizziness", "nausea/vomiting", "neck pain" and "visual problems/blurred vision". The Checklist was filled out by the participants before and after the eight-week intervention as well as before each treatment session started. We investigated the progress of recovery by calculating the slope of changes of Check List symptoms severity over the eight-week intervention in each participant. A changing slope was derived by linearly fitting the symptoms severity over 18 treatment sessions with the initial severity score as the intercept.
A more negative slope represented a faster recovery.
Secondary outcome measures used before and after the interventions: It is recommended that evaluation of cognition, oculomotor function, gross sensorimotor, coordination, vestibular function and balance should be included in assessment for concussion management [34] . Therefore, to assess the post-concussion injury, testing of multiple domains rather than relying on one area of measurement would be preferred [35] [36] . The improvement in one domain might influence the performance of the other domains. Therefore, before and after the eight-week intervention, we also assessed the participants using the following commonly used instruments; Balance Error Scoring System (BESS) was used to assess postural stability [3] , the King-Devick Test was used to assess visual tracking and saccadic eye movements [37] and the Immediate Post-Concussion Assessment and Cognitive Testing (ImPACT) and the Standardized Assessment of Concussion (SAC) [38] were used to assess the related functions of participants.
Statistical Analysis
The mixed-design ANOVA was used to compare outcome measures before and after the intervention between and within the two groups. The between group factor had two levels: the ES and the control groups. The within factor corresponded to the repeated measures over time and had two levels of pre-intervention and post-intervention. Independent t-test was used to assess the differences of the cognitive function recovery rate (the slopes of cognitive
symptoms severity changes over eight-week intervention) between two groups.
All statistical analyses were performed using SPSS with the significance level of p < 0.05.
Results
All participants completed the interventions. However, due to schedule conflicts, two participants of the ES group did not complete the ImPACT test and one among these two did not complete SAC. BESS was not performed on one participant in the control group due to a leg injury before the intervention. No adverse events were reported when the electrical stimulation was applied to participants. Table 2 shows the mixed-design ANOVA results of the Checklist between groups before and after the interventions. The improvement seen in the total symptoms severity of both groups after the interventions did not differ significantly. Both groups had significant improvement after the intervention (p < 0.001). The same results were found when we examined each domain independently. The results were consistent with the findings of secondary outcome measures.
Symptoms Severity Changes and Cognitive Function Recovery Rate
When we looked at the recovery rate, no significant difference was found in the recovery rates of total symptoms severity between two groups (−1.49 ± 1.59 versus −1.2 ± 1.56, p = 0.32). The cognitive symptoms severity of both groups decreased toward the end of the eight-week interventions and the ES group had a quicker recovery compared to the control group. Figure 2 shows that the averaged slope of the ES group was significantly more negative than the slope of the control group (−0.5 ± 0.49 and −0.13 ± 0.46 respectively, p = 0.04). Table 3 presents the changes of secondary outcome measures in both groups.
Secondary Outcome Measures
The mixed-design ANOVA showed that there was no interaction between time and group in all the secondary measures. The change patterns of all secondary outcome measures in the two groups were not significantly different. Significant 
Discussion
To our knowledge, this is the first study examining the effects of peripheral electrical stimulation on individuals with post-concussion syndrome. Our study results contribute to the current body of evidence on cervical rehabilitation for PCS as well as the involvement of cervical spine in post-concussion syndromes.
The electrical stimulation via MyoWorx ™ TM20 as an adjunct to treatment for persons with PCS was safe since we did not observe any adverse events occurring to the participants recruited in the study.
ES May Expedite the Cognitive Function Recovery
While both groups showed overall improvement, the ES group demonstrated a relatively faster recovery in the cognitive domain compared to the control group. 
Cervical Rehabilitation Alleviates the Persistent Concussion-Related Symptoms
The common treatment regimen used in both groups in the study targeted the cervical region, with a focus on cervical and periscapular strengthening and improved cervical flexibility. Manual therapy techniques we used focused on decreasing the trigger points located in the cervical and upper thoracic regions. [41] . Therefore, persons with PCS experiencing dizziness, headache etc., responded to treatments such as manual therapy [42] and vestibular rehabilitation [43] - [48] . The finding of our study, diminishing post-concussion symptoms after receiving cervical treatments seen in all participants, adds another piece of evidence that cervical spine other than brain only can be involved in the most problematic sequelae [49] after concussion. Our results also echo the evidence that conventional physical therapy targeting the cervical region has positive effects on persons with PCS who show cervicogenic symptoms [8] . We further highlight the importance of physical therapy in treating persons with PCS as a part of concussion management.
Limitations
The randomization procedure and small sample size of the study did not allow us to match the baselines of two groups. Compared to the control group, the ES group had relatively higher SAC scores and larger variances within the group.
Furthermore, the female participants contributed to a larger portion in the ES group. Those two factors were associated with the persistent concussion symptoms reported [50] [51] [52] . These confounding factors could potentially prevent us from observing significant improvement differences between two groups after the eight-week interventions. However, our results encourage us that although the ES group had relatively severe signs and symptoms before the intervention, they recovered indifferently from the group with relatively milder signs and symptoms. Future studies should consider the baselines of two groups before the treatment. The cognitive function is often the interest of treatments after concussion. A better assessment tool that targets the cognitive functions and provides objective results is needed yet not available to detect important changes. In our study, we used the Checklist to successfully detect the recovery rate differences between two groups. But we did not detect the differences after eight-week intervention between groups. A potential non-physiological factor might be the SAC was not sensitive enough to detect the changes of recruited participants in our study. SAC has been proven to detect concussion on the sidelines [53] . However, the recruited participants in our study had relatively higher scores of SAC, the resolutions of the SAC scale could not detect the changes.
Conclusions
Individuals with PCS recruited in our study were experiencing concussion-related symptoms relief by the end of eight-week interventions in both groups. The re- 
